ABSTRACT: Temperature is one of the main environmental cues regulating seasonal plasticity in insects. Global climate change may lead to a change in the predictive value of temperature for seasonal conditions, potentially resulting in a mismatch of phenotypic form and environment. The afrotropical butterfly Bicyclus anynana shows striking seasonal plasticity for wing patterns and life history traits. This polyphenism is an adaptation to contrasting patterns of rainfall over wet and dry seasons, and is mainly determined by temperature. To investigate the extent of local adaptation of the developmental plasticity response to regional climate, we compared the thermal reaction norms for several life history traits and wing pattern of 2 distant populations from regions with different temperature-rainfall associations. We found little to no population differentiation for the life history traits, while wing pattern showed substantially more geographic variation. Broad-sense heritabilities and cross-environment correlations for wing pattern and 2 life history traits indicated a potential for adaptation of the plasticity response of these traits. Our results indicate that thermal plasticity of wing pattern can be population-specific; thus climate change may lead to a mismatch of wing pattern to seasonal environment. Traits that can be further modified by acclimation during the butterfly's adult life span (starvation resistance, resting metabolic rate and egg size) showed no geographic differentiation for their developmental plasticity. This indicates that for these traits, adult acclimation plays an important role in coping with local climate.
INTRODUCTION
For many insects, developmental plasticity is a crucial mechanism to cope with seasonally varying conditions (Shapiro 1976 , Gotthard & Nylin 1995 . The ability to change the phenotype in response to environmental cues can be adaptive if the phenotypic variation increases fitness in the environments encountered (Stearns 1976) . Adaptive seasonal plasticity has been observed for every stage of the insect life cycle, and includes the timing of key life history events such as diapause (Tauber et al. 1986 ), plasticity of egg size (e.g. Fischer et al. 2003 , Fischer & Karl 2010 and thermoregulation by wing melanisation (Shapiro 1976 , Kingsolver 1996 ). An extreme form of developmental plasticity is polyphenism, which involves the development of discrete phenotypes rather than a continuous range of phenotypes in response to the environment (Shapiro 1976) . Seasonally induced polyphenism allows insects with multiple generations per year to express the optimal phenotype in each season. Well-known examples are polymorphisms in dispersal (e.g. in aphids, Dixon & Kindlmann 1999) and seasonally varying wing morphs in Lepidoptera (Brakefield & Frankino 2009) .
Current climate change is having far-reaching effects on biodiversity and species' distributions. In addition to well-documented shifts in species ranges, research is increasingly focusing on the roles of phenotypic plasticity and genetic adaptation in the responses of species to climate change (Chown et al. 2010 , Van Dorslaer et al. 2010 , Rezende et al. 2010 . Temperature is one of the main environmental cues involved in inducing seasonal plasticity in organ-isms. For seasonal polyphenisms, the inducing environment is often not the same as the selective environment (Nijhout 2003) . The organism uses the cue (e.g. temperature) as a reliable predictor of other seasonal conditions (e.g. nutrient stress). However, global warming will have a major impact on average longterm temperature patterns, thereby potentially changing the predictive value of temperature for seasonal conditions. A profound and well-reported result of this is the change in timing of phenology observed for a diversity of species (Root et al. 2003 , Parmesan 2006 . For polyphenic species, a possible shift in development of phenotypic form relative to the seasonal transitions, resulting in a mismatch between phenotype and environment, could be a very relevant problem. Studying the extent and specificity of the plastic responses to temperature in polyphenic species can help us predict their ability to adapt to climate change.
In the afrotropical butterfly genus Bicyclus and especially in the species B. anynana (Nymphalidae), seasonal polyphenism has been well studied (Brakefield & Larsen 1984 , Brakefield & Reitsma 1991 ). This species shows extensive developmental plasticity for wing pattern and life history traits as an adaptation to the strongly contrasting wet and dry seasons of its East African savannah habitat. In the warmer rainy season, food is abundant and conditions are highly favourable for both rapid larval growth and adult reproduction. In contrast, food is scarce or absent in the cooler dry season, and a survival-based strategy is better suited to this part of the year. The seasonal forms of B. anynana show striking differences in wing pattern: wet season butterflies typically have conspicuous eyespots and a white band on their ventral wing surfaces, while the cryptic dry season form shows almost no eyespots and is more or less uniformly brown. In addition to wing pattern, B. anynana shows developmental plasticity for development time, adult size, adult fat content, starvation resistance, life span, metabolic rate and egg size (Fischer et al. 2003 .
Temperature is the single most important climatic variable determining seasonal phenotype in Bicyclus anynana from Malawi, where temperature is highly correlated with rainfall and, thus, provides a reliable indicator for the adaptive seasonal forms (Kooi & Brakefield 1999) . However, patterns of temperature-rainfall correlation vary strongly throughout the geographical distribution of B. anynana, and different regions are expected to have posed different selection pressures on the species' plastic responses to temperature (Roskam & Brakefield 1999) . Studying genetic geographic differentiation between populations in relation to associated environmental differences is a common approach to assess the adaptive value of species responses to local conditions (Endler 1986 ). In the light of climate change, investigating local adaptation can also be used to predict potential adaptation to future conditions, i.e. temperature rises and changes in patterns of seasonality (e.g. Trotta et al. 2010, this Special) .
In the present study, we compared 2 populations of Bicyclus anynana from different latitudes in their developmental plasticity response to temperature for wing pattern and several life history (related) traits. One population is from Malawi and lies in the tropics; the other population is located 1400 km to the south in subtropical South Africa. This large latitudinal distance results in substantial differences in local climate, and monthly average, minimum and maximum temperatures differ by as much as 5°C. However, for both localities, temperature and rainfall correlations are high. Thus temperature is a good indicator for rainfall in both regions, but specific temperatures correspond to different rainfall patterns between these populations; a temperature experienced in Malawi may be associated with the rainy season, while the same temperature is correlated with the dry season in South Africa. By comparing populations from regions that pose different selection pressures on the species' plastic responses to temperature, we aim to answer the following questions: (1) Is there evidence for geographic variation in the developmental plasticity response to temperature, or does the same plastic response cover a broader range of climates? (2) If the populations indeed show genetic adaptation of their plasticity response to local climate, is the extent of differentiation in the response to developmental temperature consistent for different traits?
To address these questions, we compared the populations in a common garden experiment and measured their reaction norms in response to 3 rearing temperatures for the following traits: developmental time, pupal mass (as a proxy for adult mass), adult fat content, starvation resistance, resting metabolic rate and wing pattern elements. In addition, to further investigate the adaptive potential of developmental plasticity to changing climates, we estimated broad-sense heritabilities and cross-environment correlations for developmental time, pupal mass, fat content and wing pattern in a split full-sibling family design for both populations.
MATERIALS AND METHODS

Stocks and rearing
Two populations of Bicyclus anynana were used, one from Malawi (MW) and one from South Africa (SA). The MW laboratory population was established from 80+ gravid females caught at Nkatha Bay (11°45' S, 34°14' E) in 1988. The SA laboratory population was established from 70+ gravid females caught in 2006 in False Bay Park of the St. Lucia Wetland Park, KwaZulu Natal (27°58' S, 32°21' E). Both populations were reared on maize Zea mais, at sufficient numbers to maintain high levels of heterozygosity (at least 400 individuals per generation). Although the MW population has been maintained in the laboratory longer than the SA population, a recent report on 28 microsatellite markers showed overall high levels of heterozygosity and polymorphism for the MW population (van 't Hof et al. 2005) .
Experimental set-up
Prior to the experiment, both populations were reared under identical conditions (27°C; 12 h light:12 h dark cycle) for one generation to reduce maternal effects.
We chose 3 treatment temperatures to measure reaction norms of the populations: 20, 23 and 27°C. The low (20°C) and high (27°C) temperatures are similar to those experienced by larvae of the dry and wet seasonal form, respectively, in the field in Malawi. The addition of an intermediate temperature (23°C) allowed us to assess potential non-linearity of reaction norms.
The populations were reared at the family and population levels in climate cells with high relative humidity (~70%) and a 12 h light:12 h dark cycle. For the fullsibling family design, offspring of single-mating pairs were divided over the 3 temperatures and reared on maize, each family in a sleeve-like gauze cage. The following traits were measured: larval and pupal development time, pupal weight (as a proxy for adult weight), relative fat content and wing pattern. At the population level, larvae were reared on maize in cages containing ~300 individuals each. The following traits were measured: larval and pupal development time, pupal weight, starvation resistance and resting metabolic rate. All measurements on live adults were conducted at the same temperature as the rearing temperature.
Measurements
Larval development time and pupal development time were recorded. Pupae were weighed to the nearest 0.1 mg at 1 d (23 and 27°C) or 2 d (20°C) after pupation and transferred to individual plastic pots to eclose. At the family level, emerged butterflies were frozen at -20°C within 1 d after eclosion. For assessment of wing pattern, 3 males and 3 females per temperature were measured from 20 families of the MW population and 18 families of the SA population. At the population level, the butterflies were either randomly selected for live measurements or frozen at -20°C one day after eclosion to determine fat content and wing pattern.
Relative fat content
Butterflies were stored at -20°C until measurement. After removal of wings, legs and antennae, the bodies were dried for 48 h at 40°C and weighed to the nearest 0.01 mg to determine dry mass. The fat mass (triglyceride and fatty acid) was then extracted by incubating and shaking (100 rpm) the bodies in a 2:1 dichloridemethane solution at room temperature for 48 h. This step was repeated once with fresh solution, and subsequently the bodies were dried for 24 h at 40°C. The fat content was calculated per individual by subtracting the fat-free dry mass from the initial dry mass. Relative fat content was calculated as the percentage of fat mass of the initial dry mass.
Starvation resistance
One day after eclosion, butterflies were transferred to cylindrical hanging cages and separated according to sex to prevent mating. Butterflies were numbered individually and kept at a maximum of 15 individuals per cage to minimise density stress. Water-saturated cotton wool was provided ad libitum in the cages to prevent desiccation of the butterflies. Individual deaths were scored daily at a fixed time.
Resting metabolic rate
Adult CO 2 respirometry (ml CO 2 h -1 ) was measured 1 d after eclosion, as an index for resting metabolic rate. A Li-Cor LI-6251 CO 2 analyzer in a Sable Systems push-through respirometry set-up was used to measure individual respiration. During measurement, butterflies were kept in cylindrical glass containers (4 × 9 cm, diameter × length) in a dark, temperature-controlled climate cabinet. Butterflies were measured in the nocturnal stage of their daily cycle to obtain inactive (resting) respiration rates ). Data of 2 repeated measurements were analysed using Expedata software (Sable Systems) and averaged to obtain individual CO 2 respiration rates.
Wing pattern
The ventral surface of one hind wing of each individual was photographed and scanned using a Leica DC200 digital camera connected to a Leica MZ12 binocular microscope. The resulting images were analysed with ImagePro software to calculate the following wing pattern elements indicative of seasonal form: (1) surface area of the inner black disk of the fifth eyespot; (2) surface area of the white centre of the fifth eyespot; (3) width of the median band; (4, 5, 6) Red, green and blue (RGB) spectrum of the dark area in the fourth wing cell (located outside of the median band), respectively; (7, 8, 9 ) RGB spectrum of the light area in the fourth wing cell (located in the median band), respectively; and (10) contrast between light and dark in the fourth wing cell (Wijngaarden & Brakefield 2001) . In addition, inter-pupil distance was measured as an estimate of wing size (Beldade & Brakefield 2002) . Analysis showed that wing pattern elements (1-10) did not significantly co-vary with inter-pupil distance and thus were not corrected for size.
Statistical analysis
Population level
Data were analysed using 3-way ANOVA with population, temperature and sex as fixed factors. Resting metabolic rate was analysed with pupal weight as a covariate. The wing pattern data (10 measurements) were reduced using a principal component analysis (PCA), and the first 2 components were used for further analysis (see Section 3 for details). Post hoc TukeyKramer Honestly Significant Difference (HSD) tests were used to assess population-and sex-specific responses to temperature where appropriate.
Family level
Between and within family variance components and their significance were estimated per population per sex and per temperature, using ANOVAs with family as a random factor. Broad-sense heritabilities were calculated as twice the intra-class correlation coefficient, which is the fraction of total variation due to differences between family groups (Falconer & Mackay 1996) . Genetic correlations (r G ) across 2 temperatures were estimated using mixed-model ANOVA. In this method, r G is estimated by dividing the covariance of family means across temperatures by the geometric mean of the between-family variance components (Fry 1992) . The covariances of family means across temperatures and their significance were calculated per population per sex, using ANOVAs with temperature as a fixed factor and family as a random factor.
RESULTS
Life history traits
3.1.1. Reaction norms Fig. 1 shows the reaction norms of pupal weight, relative fat content, starvation resistance and resting metabolic rate in response to temperature for life history and related traits, for each sex. The reaction norm for development time is not shown.
Development time. The factors population (F 1,872 = 162.61, p < 0.0001), temperature (F 2,872 = 6823.84, p < 0.0001) and sex (F 1,872 = 104.5123, p < 0.0001) had a significant effect on development time. The MW population had a shorter development time than the SA population for each temperature (average difference = 5.8%). For both populations, development time differed significantly between rearing temperatures for both sexes (20 > 23 > 27°C). For both populations and each temperature, males had a significantly shorter development time than females (average difference = 5.0%).
There was a significant interaction between population and temperature (F 2,872 = 31.16, p < 0.0001), caused by a relatively larger difference between populations at 20°C than at the higher temperatures. This might be caused by laboratory adaptation of MW: the stock population was typically reared at 20°C, which may have favoured a relatively faster development time at this temperature over time.
Pupal weight. There was a significant effect of population (F 1,869 = 185.92, p < 0.0001), temperature (F 2,869 = 4.42, p = 0.0123) and sex (F 1,869 = 964.43, p < 0.0001) on pupal weight ( Fig. 2A) . For both sexes, the SA population had a lower pupal weight than the MW population for all temperatures (average difference = 10.3%). There was no interaction between population and temperature, indicating a similar plasticity response of the populations to temperature. Per population and per sex, between-temperature differences were not significant in post hoc tests (20 = 23 = 27°C), although there was a consistent trend for both sexes and populations (20 > 23 > 27°C). Pupal weight was consistently lower in males than in females for both populations (average difference = 24.7%).
Relative fat content. The factors population (F 1,654 = 112.87, p < 0.0001), temperature (F 2,654 = 14.8219, p < 0.0001) and sex (F 1,654 = 126.73, p < 0.0001) had a significant effect on fat content (Fig. 2B) . Fat content was consistently lower in the SA population than in the MW population for both males and females. The variation explained by temperature was relatively small compared to population and sex. Significant interactions between temperature and population (F 2,654 = 3.37, p = 0.035), and temperature and sex (F 2,654 = 17.6235, p < 0.0001) indicated population-and sex-specific responses to temperature. Post hoc tests revealed differences in reaction norm shape between populations for both males ( Starvation resistance. Temperature had a significant negative effect on starvation resistance (F 2,789 = 182.76, p < 0.0001). Populations showed no significant differences in their starvation resistance reaction norms, and there was no significant interaction between population and temperature (Fig. 1C ). There was a significant effect of sex (F 1,789 = 1237.50, p < 0.0001), with females being on average 78.5% more starvation resistant than males. A significant interaction of sex and temperature (F 2,789 = 21.64, p < 0.0001) indicated sex-specific responses to temperature. Post hoc tests for separate sexes revealed a significant difference between 23 and 27°C but not between 20 and 23°C for females (20 = 23 > 27°C). For males, there were significant differences in starvation resistance between each temperature (20 > 23 > 27°C), although the difference between 20 and 23°C was much smaller than between 23 and 27°C. Resting metabolic rate. There was a significant positive effect of temperature on resting metabolic rate (F 2,743 = 30.82, p > 0.0001), but not of population or sex (Fig. 1D ). There were no significant interactions between factors. A post hoc test revealed a significant difference between 20 and 23°C, but not between 23°C and 27°C (20 < 23 = 27°C).
3.1.2. Heritabilities and cross-temperature correlations Table 1 gives broad-sense heritabilities for development time and pupal weight for each population, sex and temperature, as well as cross-temperature correlations between 20 and 27°C, 20 and 23°C, and 23 and 27°C. All heritabilities were significant and ranged from moderate to high. Heritabilities were similar for the 2 traits, and showed no clear or consistent differences between populations, sexes or temperatures. All correlations were positive and significantly different from zero. Table 2 gives the first 2 principal components (PC1 and PC2) of 10 wing pattern measurements (size and colour of pattern elements) associated with seasonality. Combined, they explained about 81% of the variation in the data. The first eigenvector had the highest loadings for the bright colours, while the second eigenvector showed the highest loadings for the eyespot size elements. Both eigenvectors had similar loadings for dark colour and contrast. Note that the sign of the band measurement is an artefact of the way the trait is measured: with increasing band size, the value of the variable decreases.
Wing pattern
3.2.1. Reaction norms and population (F 2,865 = 3.94, p = 0.02) meant there was a difference in plasticity response to temperature. Post hoc testing showed a significant difference between populations for each temperature for both sexes, except for the males at 27°C. Both populations and both sexes responded in a similar pattern to temperature (20 > 23 > 27°C).
Heritabilities and cross-temperature correlations
Heritabilities and cross-temperature correlations between 20 and 27°C, 20 and 23°C, and 23 and 27°C for PC1 and PC2 for each population, sex and temperature are shown in Table 3 . The range of heritabilities was moderate to high, mostly very high (> 0.8) and, with the exception of a few cases, significant. Heritabilities were slightly higher for PC1 than PC2, with no notable differences between populations, sexes or temperatures. All correlations were positive and differed significantly from zero.
DISCUSSION
Reaction norms
An important analytical concept in the study of phenotypic plasticity is the reaction norm, i.e. the phenotypic expression of a genotype across an environmental range (Schlichting & Pigliucci 1998) . By measuring the reaction norms of geographically different populations under the same range of conditions ('common garden' approach), the level of genetic divergence between the populations for the plasticity response can be determined. A difference in the slope or shape of the reaction norm corresponds to a genetic difference underlying the plastic response to environmental conditions (genotype-environment interaction). For both populations, development time decreased considerably with increasing temperature; this is widely observed for ectotherms and is generally viewed as nonadaptive plasticity (Nylin & Gotthard 1998) . Both weight and fat content showed no clear directional pattern in developmental plasticity responses to temperature (Fig. 1A,B) . It is commonly found that insects developing at lower temperatures become larger (Sibly & Atkinson 1994) . While there was a trend showing increasing weight with decreasing temperature for both populations, these differences were not significant despite large sample sizes. Hence there does not seem to be a noteworthy effect of developmental temperature on size at maturity, at least not for the range of temperatures we used here. The shape of reaction norms for fat content differed between the populations. For SA, there was no effect of developmental temperature on fat content, while MW showed small but significant effects of temperature that differed between the sexes. Development time was consistently higher, and weight and fat content lower, for the SA population than the MW population for both sexes. We are cautious to account for these differences between populations in terms of adaptive differentiation because these traits might have been influenced by differences in food plant adaptation between the populations. Moreover, as the effect of temperature on development time may be entirely non-adaptive, and weight and fat content show little to no response to temperature, these traits may be of minor relevance in the context of the present study, i.e. concerning adaptive plasticity in response to temperature.
Starvation resistance and resting metabolic rate
Starvation resistance is a crucial trait in surviving periods of food shortage for many species. Previous work on Bicyclus anynana has shown that starvation resistance is a plastic trait highly dependent on both pre-adult and adult temperatures . Confirming prior reports, we found a strong effect of temperature, with increasing starvation resistance at lower temperatures, and females being more resistant to starvation than males (Fig. 1C) . Interestingly, there was no population differentiation for the starvation resistance reaction norms between populations. Males and females of both the SA and MW populations showed a clear decrease in starvation resistance for the higher temperature. In other species, findings on population comparisons for starvation resistance vary. For Drosophila spp., for instance, there are reports of latitudinal variation for populations in India (Hoffmann & Harshman 1999) and North America (Schmidt et al. 2005) , and altitudinal variation (Sørensen et al. 2005) , while other studies found little or no level of differentiation at the geographic level (Robinson et al. 2000 , Hoffmann et al. 2001 .
Resting metabolic rate probably plays an important role in mediating survival under starvation in Bicyclus anynana ) and other species such as Drosophila (e.g. Rion & Kawecki 2007) . Similarly to starvation resistance, resting metabolic rate shows developmental plasticity in response to temperature in B. anynana (Pijpe et al. 2007, V. Oostra et al. unpubl. data) . For both populations we observed a significant increase in resting metabolic rate for high temperature compared to the intermediate and low temperature (Fig. 1D) . As with starvation resistance, we found no geographic differentiation in thermal reaction norm between the populations.
Wing pattern
Wing pattern is the most thoroughly studied seasonally plastic trait in Bicyclus anynana, and the adaptive benefit of the cryptic form in the dry season has been previously demonstrated (Lyytinen et al. 2004 , Brakefield & Frankino 2009 ). Fig. 3 shows a wet season and a dry season form of a female B. anynana hind wing, with the measured areas indicated. Our results show a strong effect of developmental temperature on wing pattern for both PC1 and PC2 (Fig. 2) , confirming the extensive plastic response of wing pattern to developmental temperature in this species. PC1 explained the larger part of the variation in the data (57%) and had the highest loadings of the colour measurements 98 Table 3 . Bicyclus anynana. Broad-sense heritabilities and cross-temperature correlations (r G ) for PC1 and PC2 of 10 wing pattern measurements. MW: Malawi; SA: South Africa; F: female; M: male. *: p < 0.05; **: p < 0.01; ***: p < 0.001
Heritability
Cross-temperature correlation Line Sex 20°C 23°C 27°C 20-27°C 20-23°C 23-27°C PC1 MW F 0.92*** 1.00*** 0.82*** 0.85*** 0.91*** 1.01*** M 0.83*** 0.88*** 0.39*** 0.81*** 0.83*** 1.07*** SA F 1.00*** 1.00*** 1.00*** 0.92*** 0.95*** 0.93*** M 0.92*** 1.00*** 1.00*** 0.97*** 0.98*** 1.01*** PC2 MW F 0.88*** 0.35*** 0.49*** 0.65*** 1.00*** 0.71*** M 0.72*** 0.56*** 0.14*** 0.85*** 0.76*** 2.06*** SA F 0.82*** 0.77*** 1.00*** 0.77*** 0.96*** 0.82*** M 0.40*** 0.46*** 0.58*** 0.91*** 0.52*** 0.90*** (Table 2 ). Wing colour in B. anynana differs among the sexes and seasonal forms. Males are darker than females, and the dry season form of both males and females is generally darker than the wet season form. This is evident in the reaction norm of PC1, which shows a strong response of temperature and clear sex differences (Fig. 2A) . The 2 male populations differed significantly for the males, with SA males developing towards a more wet season form wing pattern at lower temperatures relative to MW males. Although 2 populations are not sufficient to infer directional selection, the observed pattern is concordant with the overall lower temperatures in South Africa compared to Malawi. Females showed a similar but non-significant trend. PC2 accounted for a smaller part of the variation (23.6%) and had the highest loadings of the size elements (e.g. eyespot size, Table 2 ). The size elements of the wings were strongly linked to seasonal form, with large eyespots and a clear white band in the wet season, as opposed to much smaller or absent eyespots and band in the dry season. There were also sex differences for the size elements, which were larger in females than in males, but these were not as pronounced as the colour differences. Both males and females showed inter-population differences for PC2, but in the opposite direction of PC1, resulting in overall higher values for the SA population than the MW population (Fig. 2B) . This, in turn, indicates that the size elements are smaller (because the loadings of the size elements were negative on PC2) for the SA population. Eyespot size is expected to play a role in mate choice and to be under sexual selection (Breuker & Brakefield 2002 , Robertson & Monteiro 2005 , which could possibly account for the observed population differences.
Synthesis
To summarise, the populations showed very similar thermal reaction norms for the life history traits and resting metabolic rate, especially for those traits with a clear plastic response to temperature. In contrast, wing pattern showed more differentiation, in the intercept as well as the shape of the reaction norms. In order to identify the extent of population differentiation relative to thermal plasticity response, we performed PCAs on the life history traits, including resting metabolic rate (Fig. 4A) , and on wing pattern (Fig. 4B) . In the PCA of life history traits, the effects of temperature and sex were large, while the populations were grouped closely for each sex and temperature. The wing pattern PCA also showed a large effect of temperature and sex, but in comparison the separation between the populations along the PC axes was much larger for wing pattern than for the life history traits. Although studies on geographic variation using a range of temperatures are rare, we know of one such study that includes both life history traits and morphological wing traits (wing length and area) in Drosophila melanogaster (van 't Land et al. 1999) . In concordance MW: Malawi; SA: South Africa with our findings, relatively small population differences were found between the reaction norms of life history traits compared to morphological wing traits (van 't Land et al. 1999) . Finally, the overall non-linearity of the reaction norms corresponded well to the polyphenic nature of Bicyclus anynana in the wild (Brakefield & Reitsma 1991) . Especially for starvation resistance and resting metabolic rate, the shape of the reaction norms suggests a discontinuous pattern. This was indeed confirmed for several traits by an experiment including more temperature treatments (V. Oostra et al. unpubl. data) , indicating that the transition between development into either dry-or wet-season form occurs in a relatively narrow temperature window, which is often the case for polyphenic species (Nijhout 2003) .
Heritabilities and cross-environment correlations
Genetic change of the plasticity response of a trait by selection requires that the trait is heritable and that there is genetic variation for plasticity (variation in slope of the reaction norms) (Via & Lande 1985 , de Jong 1995 . To gain insight into the potential of organisms to adapt to climate change, it is thus important to study the heritability of traits (Pertoldi & Bach 2007 , Chown et al. 2010 . In the present study, we estimated heritabilities using a full-sibling family design, resulting in broad-sense heritabilities that include both additive and non-additive genetic variance. Therefore, broad-sense heritabilities generally represent an overestimation of the heritable variation of traits (Roff 1997) . Our results show considerably higher heritabilities for wing pattern (Table 3) than for development time and weight (Table 1) in both populations. This corresponds to the general finding that life history traits have lower heritabilities than morphological traits. Consequently, it is often assumed that life history traits have less genetic variation and evolve more slowly in response to directional selection because they are more closely linked to fitness (Roff & Mousseau 1987) . This would be in agreement with our findings and could explain why we observed substantially more population differentiation for wing pattern than for the life history traits. However, the comparison between heritabilities of life history and morphological traits should be made with caution. When taking into account the different components comprising the trait variance (V P ), the low heritabilities of fitness-related traits can often be explained by their high residual variation (V R : non-additive genetic and environmental factors). The additive genetic variance (V A ) would be a more precise measure to compare the selective response potential between traits (Houle 1992 ), but our experimental set-up did not allow for estimating narrow-sense heritability.
The trait values of a plastic trait for different environments can be considered as separate, genetically correlated characters (Falconer & Mackay 1996) . These cross-environment correlations can be used as a measure of variation for the plastic trait, or the level of genotype-environment interaction. When the crossenvironment correlation between genotypes is +1, the slopes of the reaction norms run parallel and there is no genotype-environment interaction. A correlation of <+1 indicates the presence of genetic variation for the plasticity response of the trait (Pigliucci 2005) . Our data show high cross-temperature correlations for both life history traits (Table 1 ) and wing pattern (Table 3) for both populations. All correlations were lower than +1, indicating the presence of genetic variation for the plasticity response of the traits and the potential for adaptation by selection.
Developmental plasticity and adult acclimation
In order to unravel the complexity of phenotypic plasticity, it is important to distinguish between developmental plasticity (phenotypic change induced during development) and adult acclimation (reversible or flexible plasticity during the adult stage). A recent review concluded that many studies aimed at examining adult acclimation actually assessed the consequences of the developmental environment (Wilson & Franklin 2002) , and so far only a few studies have examined the relative contributions of the 2 forms of plasticity in a single experiment (e.g. Fischer et al. 2003 , Terblanche & Chown 2006 . For Bicyclus anynana, both developmental plasticity and adult acclimation are important in coping with seasonality (Fischer et al. 2003 , Brakefield & Frankino 2009 ). Some traits, for example wing pattern and body size, are developmentally plastic, but fixed during the adult stage. Other traits, including resting metabolic rate and egg size, show both forms of plasticity. The initial state of these traits in early adult life depends on the developmental environment, but can be changed by acclimation depending on the adult environment. For example, egg size is initially dependent on developmental temperature, with females reared at cool temperatures producing fewer and larger eggs than females reared at warm temperatures. Cross-transferring females among temperatures can reverse this effect by acclimation over a period of ~10 d (Fischer et al. 2003) . In the context of adaptive phenotypic plasticity, developmental plasticity serves as a prediction of the adult environment based on pre-adult conditions. Adult acclimation can thus be seen as the organism's ability to fine-tune its phenotype to the actual and potentially variable environmental conditions (beneficial acclimation hypothesis, Leroi et al. 1994) .
Our results reveal an interesting pattern when taking both forms of plasticity into account. Of the traits that showed a clear developmental response to temperature, we found geographic variation in the thermal reaction norm of the irreversible trait wing pattern, but no visible differentiation in starvation resistance and resting metabolic rate, both of which are traits that can be influenced by acclimation during adult life. Moreover, in a different experiment we measured developmental plasticity of egg size using the same 2 populations and developmental temperatures (data not shown). We found no population differences between their thermal reaction norms for egg size. Phenotypic plasticity may buffer environmental variation, thus shielding the genetic response to selection (Falconer & Mackay 1996 , West-Eberhard 2003 . This, in turn, can slow down or prevent geographic differentiation. Our data suggest that, likewise, adult acclimation may shield developmental plasticity from evolutionary change.
CONCLUSIONS
Our study on geographic variation in the polyphenic response to temperature in B. anynana revealed a population specific response in wing pattern plasticity to developmental temperature. Therefore, when considering present-day climate change, a rise in temperature could consequently result in a phenotypic mismatch of wing pattern to season. High heritabilities and genetic variation for the plasticity response of wing pattern indicate a potential for adaptation. Despite the large difference in latitude between the populations and the differences in regional climate, we found little to no geographic variation for the life history traits that showed a clear plasticity response to developmental temperature. Furthermore, there was no geographic variation in the plasticity response of the traits that can be changed by acclimation in the adult stage. This indicates that adult acclimation plays a major role in coping with regional climate. Whether or not there is geographic variation in adult acclimation responses to temperature will make an interesting topic for future research. 
